Microfluidics technology offers a new platform to control liquids under flow in small volumes. The advantage of using smallscale reactions for droplet generation along with the capacity to control the preparation parameters, making microfluidic chips an attractive technology for optimizing encapsulation formulations. However, one of the drawback in this methodology is the ability to obtain a wide range of droplet sizes, from sub-micron to microns using a single chip design. In fact, typically, droplet chips are used for micron-dimension particles, while nanoparticles' synthesis requires complex chips design (i.e., microreactors and staggered herringbone micromixer). Here, we introduce the development of a highly tunable and controlled encapsulation technique, using two polymer compositions, for generating particles ranging from microns to nano-size using the same simple single microfluidic chip design. Poly(lactic-co-glycolic acid) (PLGA 50:50) or PLGA/polyethylene glycol polymeric particles were prepared with focused-flow chip, yielding monodisperse particle batches. We show that by varying flow rate, solvent, surfactant and polymer composition, we were able to optimize particles' size and decrease polydispersity index, using simple chip designs with no further related adjustments or costs. Utilizing this platform, which offers tight tuning of particle properties, could offer an important tool for formulation development and can potentially pave the way towards a better precision nanomedicine.
Introduction
The synthesis of well-defined monodisperse polymeric drug particles is a central challenge in the development of drug delivery systems, especially for injectable products. In contrast to traditional batch encapsulation techniques (Khadka et al. 2014; Niu et al. 2017) , the rising technology of microfluidics enables to control fluid flow at the microscopic scale (Squires 2005) . Downscaling processes with a microfluidic device offer many advantages including the low cost and faster parallel analysis for formulation development using many various conditions in a single chip (Novotný and Foret 2017; Valencia et al. 2012) .
The ability of microfluidic devices to manipulate microand nano-liter volumes of liquid and to control the mixing process serves as an excellent tool for generating reproducible micro-and nano-sized particles, characterized by a controlled and narrow size distribution or distinct shapes, compared with that gained by batch synthesis (Duncanson et al. 2012; Zhao 2013) .
Polymeric carriers are being widely used pre-clinically and clinically for slow release of drugs and for targeted therapy, in cancer and other diseases (Jain et al. 2012; Parveen and Sahoo 2008) . Over the years, many medically approved products are being launched, such as Eligard®, Neulasta®, Abraxane®, Doxil®, and many others that are in different stages of clinical investigation (Bobo et al. 2016; Brigger et al. 2002; Egusquiaguirre et al. 2012) .
The particle size of polymer carriers is one of the key parameters that govern the bio-distribution of the product, and is also critical for bioavailability of drugs (Banerjee et al. 2016; Kumar et al. 2015; Yin; Win and Feng 2005) . Therefore, a great effort has been invested in learning to control the fabrication process, mainly of degradable polymer particles, to produce particles with distinct and defined size. Amongst the most commonly used biocompatible polymers for drug delivery, are the PLGA polyesters. One of their great advantages is their predicted degradation rate that can be tuned by the ratio of the lactic and glycolic monomers and their molecular weight (Bret et al. 2011) . PEG is another widely used polyester that is mainly utilized to evade the immune system and enhance blood circulation time (He et al. 2010; Kulkarni and Feng 2013) . These two polymers are well-studied and are approved for use in various drug formulations by the Food and Drug Administration and the European Medicines Agency (Tabatabaei Mirakabad et al. 2014; Xie and Smith 2010) .
Although well studied, microfluidic technologies for polymer particle fabrication have yet comprehensively adapted by the pharmaceutical industry, and particle synthesis still mostly performed in classical batch techniques, even prior to scaling up. One of the reasons for the low implementation of the technology is the limited number of simple and robust protocols for production of well-defined particles. In fact, the requirement to use different chip designs for nanoparticles versus microparticles' fabrication is often a hurdle for adaptation the technology. Two of the main methods for fabricating polymer particles using microfluidics, are the droplet generation and the solvent displacement methods for micron and nano sized carriers, respectively (Christopher and Anna 2007; Mosqueira et al. 2000; Prudhomme and Howard 2013; Quintanar-Guerrero et al. 1998) .
Microfluidic devices for droplets generation are used for micron scales are based on combining two or more streams of immiscible fluids (Link et al. 2004 ). Focused-Flow chip design consists of a cross junction, where the drug and polymer organic solution dispersed phase enter through a central channel, and are squeezed at the orifice by a continuous aqueous phase. The laminar flow (Re < 100) (Capretto et al. 2011) through the orifice enables a controlled droplets break-up that is required for yielding monodisperse microemulsions (Fig. 1A) . For oil (O)-in water (W) systems that are commonly used for drug encapsulation, the W continuous phase imposes shear force that tears discontinues phase O into a stream of micron-sized monodispersed O/W droplets. The droplets generally show much higher precision compared with those obtained by conventional methods.
Unlike the droplet generation method which is being used for producing micro-size particles, nano-and sub-micron particles are formed by rapid mixing and nanoprecipitation using the solvent displacement method and amphiphilic polymers (Beck-Broichsitter et al. 2010; Belliveau et al. 2012a; Makgwane and Ray 2014) . In this method, the fluid stream containing the polymer precursor water miscible solution is squeezed into a narrow stream by two parallel aqueous streams with higher flow rates along the central channel, enabling rapid mixing through a spontaneous diffusion process (Fig. 1b) . Indeed, successful examples of either nanoparticles' formulations in staggered herringbone micromixer (SHM) chips (Belliveau et al. 2012b; Maeki et al. 2015) or microparticles' formulations in droplet microfluidic devices can be found (Duncanson et al. 2012) ; however, very little, if any, studies show the fabrication of wide size range, from nanoparticles to microparticles in a single device.
The goal of our current study was to identify conditions and formulations in which polymeric nanoparticles and microparticles could be easily obtained using a single microfluidic design. Using a simple droplet generator design, we were able to systematically modify the polymer particle size and produce a well-controlled and homogenous formulation ranging from nanometers to microns. By changing either phases flow rates, polymer concentration, solvents miscibility or surfactants type, we can control and optimize the size of the particles while decreasing their polydispersity index, even without modifying the design of the chip. We prove that the choice of polymers and solvents is the main key factors in the production of polymeric particles using microfluidic devices. Changing the solvents miscibility and polymer composition affects interaction between the continuous Fig. 1 Schematic illustration of junction in focused-flow geometry chip design for particles' synthesis. Magnified view of droplet generation and solvent displacement methods. a Schematic illustration of enlarged junction, controlled break-up droplet at the orifice. The flow through the orifice enables a controlled droplets break-up, which is required for yielding monodisperse micro-emulsions. b Polymer stream is squeezed into a narrow stream flow parallel each other to two adjacent aqueous streams flowing at higher flow rates along the central channel, enables precise nanoprecipitation through the rapid mixing and spontaneous diffusion process and dispersive phases, and alter the synthesis method from droplet break-up to rapid mixing method thus producing submicron polymeric particles using the same chip design without any extra expenses. The narrow width of the focused stream flow in the rapid mixing method enables a slow and spontaneous diffusion of the aqueous and dispersive phases. This allows creating small polymeric nucleation spots that aggregate to form homogenous nanoparticles. Our work provides detailed methodological procedures for the formation of particles with varying sizes that can be used for more precise and simple synthesis of drug delivery systems.
Materials and methods

Microfluidic system and chip
Microfluidic system purchased from Micronit Microtechnologies (Netherland, Enschede). The chip is made of durable borosilicate glass and the fluidic slide is made of polypropylene. Chip dimensions are 45 mm × 15 mm, channel width and depth are 100 and 20 µm, respectively. All experiments performed using the flow-focusing design (Fig. 1 ).
Droplets generation for the preparation of PLGA microparticles
PLGA 50:50 (M.W. 40,000-75,000, Sigma-Aldrich) powder was dissolved in a water immiscible organic solvent, either dichloromethane (DCM) or toluene. This polymer mixture was emulsified in two aqueous solutions containing varying concentration of Sodium Deodecyl Sulfate (SDS, Sigma-Aldrich) and Polyvinyl Alcohol (PVA M.W. 67,000, Sigma-Aldrich) as emulsifying agents. The solutions stirred for 6 h to ensure complete solvent evaporation. The particles were washed three times with double distilled water (DDW), centrifuge in 800 g for 2 min, and re-suspend with 2% mannitol solution. To prepare solidified particles, the washed particles' solution was frozen overnight in − 80 °C and lyophilized (Freezone 6 plus, Labconco, US) to produce a fine powder of particles that was stored at − 20 °C.
Solvent displacement for the preparation of PLGA-PEG nanoparticles
Unlike the droplet synthesis, in the solvent displacement method, the polymer has to be dissolve in a water miscible organic solvent. In short, PLGA-PEG 10% diblock (Boehringer Ingelheim) dissolved in acetonitrile (ACN) mixed with the aqueous phase. Upon dilution of the organic phase in the aqueous phase, the PLGA blocks, which are poorly soluble in water, spontaneously form particles' nucleation spots. The particles assemble until stabilization and the solutions stirred to verify complete solvent evaporation. To prepare solidified particles the collected sample was ultra-centrifuged at 80,000 g (TST28 rotor, Beckman's polyallomer centrifuge tubes), re-suspend with 2% mannitol solution, freeze at − 80 °C and lyophilized to produce a fine powder of particles that was stored at − 20 °C.
Particle characterization
The particles' samples examined and imaged using a scanning electron microscope (SEM) and a transmission electron microscope (TEM). For SEM (FEI Quanta 200 microscope) analysis, a small amount of the samples spread on a conductive adhesive carbon tape attached to an SEM grid. A thin film of Pd/Au coating sputtered onto the sample (SC7620 Spatter coater, UK). For TEM (Jeol, TEM 1400Plus, Japan, with charge-coupled camera-Gatan Orius SC600) analysis; 5 of particles' sample placed on a glow-discharged carbon coated 300 mesh copper TEM grid (Ted Pella, Inc). After blotting, the samples were negatively stained with 5 µl 2% aqueous solution of uranyl acetate, and air-dried. Particle size was first evaluated by image analysis of TEM measurements using ImageJ program (https ://image j.nih.gov/ij/). Mean diameter of particles calculated based on the measurements of 30 randomly chosen particles. Size and charge analyses for nanoparticles performed using Dynamic Light Scattering (DLS)/Zeta sizer nanoseries (Malvern Instruments, UK) at 25 °C in DTS1070 disposable capillary cells. 1 ml of each sample was injected to measure the size and the zeta potential.
Surface tension measurement
The du Noüy ring method was applied to measure the surface tension of the PVA and SDS supplemented solution using tensiometer (KRUSS, K20 solid QC tensiometer, Germany) and platinum ring at room temperature. SDS and PVA solutions were prepared in 0.5, 1, and 2% concentrations. Prior to each measurement, the ring was rinsed with deionized water and sterilized under flame. 20 ml of each surfactant solution was adequately shaken, poured into a glass flask, and measured. Measurements were repeated five times to represent the force needs to be applied for film tearing correctly.
Statistics
The experiments were performed with n = 3-4. All data measurements represented as mean ± standard deviation (SD). To identify statistically significant differences student's t test used to compare two groups. One-way ANOVA followed by Tukey's test for post-test comparisons used when more than two groups compared. Probability values 1 3 of p < 0.05 and p < 0.01 considered significant. *p < 0.05; **p < 0.01.
Results
Effect of flow rate on particle size
Using a microfluidic platform, we were able to gently control the flow rate of the two joined phases with an electrical syringe pumps. Change in flow rate of the two immiscible fluids affected the size of the droplets to either increase or decrease their size. During the fabrication process, the dispersive phase rate remained constant with 0.05 ml/min, while the continuous flow rate was set to either 0.4, 0.5, 0.6, 0.8, and 1 ml/min. In these flow rate conditions, the average particle diameter decreased from 52 ± 4, 40 ± 2, 30 ± 6, 22 ± 4, and 6 ± 2 µm, respectively (Fig. 2) .
With respect to nanoparticles' synthesis, similar to the droplet generation process, the dispersed phase polymer concentration and flow rate were constant (0.05 ml/min), while the continuous flow rate was changed, leading to reduced particles' diameter. The effect of varying flow rates on the nanoparticles' diameter can be seen in Fig. 3 . All nanoparticles were prepared at 20 mg/ml concentration of PEG-PLGA and as we increased the flow rate of the continuous phase from 0.3 to 0.5 and 0.7 ml/min particles' average diameter decreased to 500 ± 37, 208 ± 36, and 40 ± 10 nm, respectively. Nanoparticles with continuous flow rate ratio of 14 (0.7/0.05) yielded a smaller diameter compared with other low flow rate ratios.
Effect of stabilizing agents on particle size
Depending on the specific polymer solution, surfactants may be required to reduce the interfacial tension between the aqueous and organic phases and stabilize the dispersion. To determine the effect of surfactant on droplet size, PVA and SDS with elevated concentrations of 0.5, 1, and 2% wt/vol were used in the continuous phase using the droplet generation method. The flow rate of the system remained fixed in all experiments (0.6 ml/min for the continuous phase 0.005 ml/min of the dispersed solution). In these conditions, elevated concentrations of SDS decreased the size of droplet diameter as follow: 30 ± 5, 22 ± 5, and 8 ± 3 µm, respectively. The resulted diameter particles of the PVA solutions were 64 ± 3, 34 ± 5, and 14 ± 4 µm with elevated concentration, respectively (Fig. 4) .
To examine the effect of surfactant concentration on nanoparticles' size, we prepared four continuous phase solutions with elevated percentage of PVA while maintaining all others parameters fixed throughout the experiment. The results summarized in Fig. 5 . It can be seen that the nanoparticles' size has decreased from 186 to 132 nm with the increase of PVA concentration from 0.5 to 2% wt/vol. 
Effect of polymer concentration on particle size
Another main parameter affecting nanoparticles' size and stability is the polymer concentration. Modifying this factor provides an additional degree of freedom, allowing for the optimization of the formulation properties without changing other intrinsic factors. Increasing the concentration of the polymer from 5 to 40 mg/ml has substantially increased the average particles' size from 50 to 200 nm (Fig. 6 ).
Discussion
The field of microfluidics for nanoparticle synthesis has been widely developed in the past two decades, though there is still a great need of fundamental research and attention to develop new fabrication protocols using this powerful platform. In this work, we demonstrate the potential benefit of using microfluidics for polymeric particles' fabrication for drug delivery, and the ability to control variety of parameters to fine-tune particles' size over a wide size range while using a single chip design (Table 1 summarizes experiments varying parameters).
Particles' size of drug carriers is a major deterministic factor in the pattern of the body biodistribution and preparations solubility (Alexis et al. 2008; He et al. 2010; Kulkarni and Feng 2013; Lvov et al. 2011; Yin; Win and Feng 2005) . The ultimate goal in drug delivery is to reduce off-target effects by improving the targeting of the drug to the desired tissue. Therefore, there is a major need to develop ways to better and tightly control the size of particles using a robust method. Along this aim, microfluidics may provide a very powerful method compared with batch preparation of particles such as extrusion, batch emulsification, and layer by layer. It can be seen in various nanoparticles' synthesis approaches-from nucleic acid and drug lipid nanoparticles' systems that exhibit higher encapsulation efficiency and smaller diameter, to improved drug screening process and new hybrid metallic nanoparticles' synthesis (Belliveau et al. 2012a; Carugo et al. 2016; Khan et al. 2014; Vergaro et al. 2011; Zhang et al. 2015) . As continuous flow rate increases in both droplet generation and solvent displacement methods, particles' size decreases.
The increase in the aqueous flow rate compared with the organic flow rate enables the decrease in droplets size and consequently in smaller polymeric particles. Accordingly, a decrease in the flow rate would lead to an increase in droplets size due to slow process of the droplets, cutting at the orifice region.
With respect to solvent displacement method, to ensure homogeneous nanoparticles' preparation, nucleation process must be done over a very short period of time (Abou-Hassan et al. 2009; Mora-Huertas et al. 2011; Di Pasquale et al. 2012) . This principle can be enforced through the unique junction design of the microfluidic chip which allows the organic phase to be added slowly through the orifice to maintain a polymer concentration level that is lower than the critical concentration, at which new nucleation will be carried out. The overall nucleation process and parameters affecting it are being discussed at length in Chen et al., Murray et al., and Cozzoli et al. (Chen et al. 2014; Cozzoli et al. 2006; Heights 2000) .
The ability to achieve a laminar flow at a microscopic level using microfluidics devices and to control the flow rate dictates the mixing time and consequently the diffusion process between the two joined phases. Karnik et al. have shown that increasing the continuous phase rate ensures faster mixing and decreases the mixing time. Using microfluidic device with flow focusing, they demonstrated the fabrication of PLGA nanoparticles with diameters range of 10-50 nm (Karnik et al. 2008) . As demonstrated, we show that the more significant differences in flow rates are, the thinner the dispersed phase stream is at the outlet channel, with decreased nanoparticles' size. Although we present a fine-tuning ability to control and vary the flow rates of the two-joined phases, this process has its natural limit. When the dispersive (O) phase flow rate is too slow, droplets are not produced due a back flow pressure of the aqueous (W) continues phase through the orifice.
Unlike the laminar flow scenario, a fast flow rate might cause a turbulent flow with significant reduction in the controlled droplets break-up process and heterogeneous mixing. This main parameter has a direct effect on mixing efficiency within microfluidic devices, particles' assembly, and, as a result, the particles' size. Our results are in agreement with other studies that showed the ability to achieve precise control over the size only with varying the flow rates (Fu et al. 2012; Luo et al. 2011; Zhao 2013) .
Varying the concentration of the polymer and surfactant found to be a simple and efficient parameter that controls particles' size and formulation stability. With regard to nanoparticles' synthesis, as polymer concentration increases, particles' size increases as well. This phenomenon might be explained by the fact that increased polymer concentration leads to a higher viscosity of the solution. Increasing solution viscosity eventually decreases the diffusion rate, which increases the mixing time and, therefore, influences the particles' size (Budhian et al. 2007 ). This can also be shown by diffusion constant (Capretto et al. 2011) . Surfactants are essential components in the production of long-living emulsions, as they stabilize the interphase between the aqueous and organic phases by reducing interfacial surface tension. Usually, small concentration of 0.5-4% wt/vol is sufficient to reduce the macroscopically coalescence due to spontaneous thermodynamic equilibrium stable state (Abdelwahed et al. 2006; Duncanson et al. 2012) . We examined whether PVA and SDS affect particles' size diameter in the droplet generation method, or solely stabilize the fabricated dispersions compared with droplets without any surfactant. In both experiments, the average droplet diameter tends to decrease as the surfactant concentration increased, which may be explained by the higher availability of surfactant molecules overlaying the surface of the fabricated droplets (Lee et al. 1999) , thus preventing spontaneous coalescence, results in the production of smaller droplets. When comparing the two surfactants, we showed that 0.5% SDS and 1% PVA yielded similar droplet size of 30 µm on average, with a slight higher in diversity with PVA which might be explained by the increased viscosity of the PVA compared with that of the SDS solution (Lee et al. 1999; Vysloužil et al. 2014) . In general, particles fabricated with PVA solutions showed larger diameters compared to those fabricated with SDS in the same concentration. To explain these differences, we measured the dynamic interfacial tensions of the surfactant solutions concentrations using the du Noüy ring method. The dynamic interfacial tensions measured for SDS solutions were: 35.5, 34.8, and 34 dyne/cm, (0.5, 1, and 2%, respectively), while PVA solution showed 49.8, 47.5, and 45.5 dyne/cm, respectively. The lower interfacial tensions obtain with SDS explains the generation and stabilization of smaller drops (Binks 2002; Tong et al. 2000) . In addition, the fact that SDS is an anionic surfactant may contribute to electrical repulsion between the fabricated droplets. Such repulsion may contribute to the system thermodynamically stability by reducing droplets collision and coalescence. (Castelvetro et al. 2006; Tcholakova et al. 2004 ).
Importantly, it should be noted that the absence of stabilizing agent leads to failure in producing any particles due to droplet coalescence. These indicates that the main mechanism of stabilization was prevention of droplet generation rather than droplet generation and reduction of particles' size.
In the case of solvent displacement method, we found that higher concentration of PVA led to a reduction in particles' size up to a certain limit. These results can be explained by the reduction in interfacial tension as the concentration of PVA increases. Insufficient amount of stabilizer fails to stabilize the massive mass of the produced nanoparticles causing aggregation due to thermodynamically equilibrium stable state (Menon et al. 2012; Sharma et al. 2016) . As a result, nanoparticle with higher diameter would be fabricate. An additional increase in PVA concentration to 4% wt/vol did not reduce particles' size, rather increased it to 144 nm.
Although this observation was not found to be statistically significant, it can be explained by the increased viscosity of the continuous phase that reduces the ability of the dispersed phase to flow through the continuous solution with the flow rates set to this experiment. We show that PVA 2% wt/vol concentration is sufficient to stabilize these nanoparticles at these fabrication conditions.
Conclusion
Two different methods, for micro-and nanoparticles' synthesis, were discussed. Both methods were based and demonstrated using single microfluidic chip design. Previously, most of micro-and nanoparticles' production based on 'batch' synthesis methods. The leading trend nowadays is changing towards fluid flow at the microscopic scale for particles' production that characterizes simple reproducibility and narrow size distribution.
Although it is imperative to develop a reliable method for producing monodisperse drug carriers, the use of microfluidic devices is not without limitations. Assembling of the flow system and optimization using a chip with specific designs requires special tools, training, and long a fabrication process. In addition, this unique channel geometry either may clog, by unstable movements of worktop platform or by particles' debris, and it requires specialized cleaning procedures to overcome it.
Future research work should focus on the development of new fabrication techniques and a more precise control over particle morphology, which is a main determinant for innovative formulation and applications. With regard to nanoparticles' production, mixing efficiency can be increased by incorporating in the central channel mixing steps, which creates additional perturbations that increase the surface area encounter of the phases and decrease the mixing time. In comparison with traditional methods, we clearly show the promise of microfluidics technologies integration into the pharmaceutical industries, especially in the formulation optimization phase that may replace classical batch synthesis methods in the near future. Moreover, this method can offer a powerful tool for production of micro-and nanoencapsulated drugs "on demand" for personalized medicine.
